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Abstract: Sand typically exhibits anisotropic internal structure (or fabric) and the fabric 11 
anisotropy has dramatic influence on mechanical behaviour of sand. Meanwhile, the fabric 12 
evolves when sand is subjected to external loading. This eventually makes the response of strip 13 
footings on sand dependent on fabric anisotropy and fabric evolution. A numerical investigation 14 
on this effect is presented using a critical state sand model accounting for fabric evolution. The 15 
model parameters are determined based on plane strain and triaxial compression test data and 16 
the model performance is validated by centrifuge tests for strip footings on dry Toyoura sand. 17 
The bearing capacity of strip footings is found to be dependent on bedding plane orientation of 18 
dense sand. But this effect vanishes as the sand density decreases, though the slope of the force-19 
displacement curve is still lower for horizontal bedding. Progressive failure is observed for all 20 
the simulations. General shear failure mode occurs in dense and medium dense sand and 21 
punching shear mode is the main failure mechanism for loose sand. In general shear failure, 22 
unsymmetrical slip lines develop for sand with inclined bedding plane due to the noncoaxial 23 
sand behaviour caused by fabric anisotropy. For strip footing on sand with horizontal bedding, 24 
the bearing capacity and failure mechanism is primarily affected by the sand density. The 25 
bearing capacity of a strip footing is higher when the sand fabric is more isotropic for the same 26 
soil density. An isotropic model can give significant overestimation on the bearing capacity of 27 
strip footings. 28 
 29 
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 2 
Introduction 31 
It is well recognized that both man-made and natural sand deposits always have anisotropic 32 
internal structure (or fabric) due to compaction and gravitational loading. The fabric anisotropy 33 
can be caused by preferred orientation of particles, contact force directions or void spaces etc. 34 
The mechanical behaviour of sand, such as shear strength and volume change, is significantly 35 
affected by the fabric anisotropy (Muir and Toki, 1982; Oda and Kazama, 1998; Wan and Guo, 36 
2001). An important feature of sand fabric is that it evolves with deformation, which in turn 37 
affects the soil behaviour (Li and Li, 2009; Fu and Dafalias, 2011; Li and Dafalias, 2012; Guo 38 
and Zhao, 2013). There has been extensive research on the anisotropic stress-strain relationship 39 
of sand using either laboratory tests or micromechanical studies (e.g., Oda et al., 1978; Azami 40 
et al., 2010; Thornton and Zhang, 2010; Guo and Zhao, 2016; Chang and Yin, 2009; Yin et al., 41 
2010; Yin et al., 2014; Zhao et al., 2018), based on which some constitutive models have been 42 
proposed (e.g., Nemat-Nasser and Zhang, 2002; Li and Dafalias, 2012; Gao et al., 2014; 43 
Papadimitriou et al., 2019).  44 
 45 
The fabric anisotropy and fabric evolution has influence on not only the mechanical behaviour 46 
of sand elements but also the response of infrastructure built on or using sand, such as 47 
foundations, slopes, suction caissons and offshore embedded anchors. Particularly, there has 48 
been huge interest on the bearing capacity 𝑄𝑄𝑢𝑢 of shallow foundations on sand, which is a 49 
classical problem in soil mechanics. Several small-scale 1g tests have been reported on sand 50 
with different bedding plane orientation, which is typically described by an angle (𝛼𝛼) between 51 
the horizontal direction and plane of sand deposition (Oda et al., 1978; Oda and Koishikawa, 52 
1979; Azami et al., 2010; Kawamura and Muira, 2014). It is found that 𝑄𝑄𝑢𝑢 of a strip footing 53 
on dense sand is the highest and lowest when bedding plane is horizontal and vertical, 54 
respectively. This difference can reach up to 25% for very dense sand. But such difference in 55 
𝑄𝑄𝑢𝑢 caused by 𝛼𝛼 vanishes when the relative density of sand 𝐷𝐷𝑟𝑟 is below 70% (Oda et al., 56 
1978; Oda and Koishikawa, 1979). Similar observations have been reported in centrifuge tests 57 
on dry Toyoura sand (Kimura et al., 1985). For strip footings on sand with horizontal bedding, 58 
which is of importance for practical applications, the fabric anisotropy must be properly 59 
considered in calculating the 𝑄𝑄𝑢𝑢 as well. It is shown that, without proper consideration of the 60 
 3 
strength anisotropy of sand, one may overestimate the bearing capacity factor for a shallow 61 
foundation by as much as eight times when using the classical bearing capacity theory (Guo, 62 
2008). Chaloulos et al. (2019) have shown that 𝑄𝑄𝑢𝑢 of a strip footing can be overestimated by 63 
30% using an isotropic critical sand model where the fabric effect on mechanical behaviour of 64 
sand is neglected.  65 
 66 
Indeed, many attempts have been made in determining or modelling the 𝑄𝑄𝑢𝑢  of shallow 67 
foundations on sand with consideration of anisotropy. Meyerhof (1978) was the first to propose 68 
a method for calculating the 𝑄𝑄𝑢𝑢 of strip footings on anisotropic cohesionless soil using the 69 
plastic equilibrium approach. It is assumed that the peak friction angle is a function of 𝛼𝛼, which 70 
means that the effect of 𝛼𝛼 on 𝑄𝑄𝑢𝑢 is independent of soil density. This method has two major 71 
limitations. First, it works for dense sand but not loose sand, because the effect of 𝛼𝛼 on 𝑄𝑄𝑢𝑢 72 
vanishes when 𝐷𝐷𝑟𝑟  is low, although the peak friction angle is always dependent on 𝛼𝛼 , 73 
irrespective of the soil density. Secondly, the expression for friction angle variation with 74 
loading direction is only valid for sand with horizontal bedding plane, which limits the 75 
application of this method for more general cases (Azami et al., 2010). Siddiquee et al. (1999) 76 
used finite element modelling to investigate the response of strip footings on anisotropic sand. 77 
Though the effect of 𝛼𝛼 on 𝑄𝑄𝑢𝑢 can be reproduced, an approach similar to that in Meyerhof 78 
(1978) was used to describe the strength anisotropy of sand. Azami et al. (2010) carried out a 79 
series of small-scale 1g model tests of strip footings on sand with different 𝛼𝛼 and used finite 80 
element modelling to analyse the results using a new constitutive model. Satisfactory agreement 81 
between the numerical results and test data was achieved. But this model cannot account for 82 
the effect of sand density on the soil response. Yuan et al. (2018) used pure numerical modelling 83 
to show that the strength anisotropy and non-coaxial sand behaviour should be accounted for 84 
in calculating the 𝑄𝑄𝑢𝑢  and settlement of strip footings. Chaloulos et al. (2019) reported 85 
comprehensive study on the response of strip footings on anisotropic sand using a newly 86 
developed sand model based on the anisotropic critical state theory (Papadimitriou et al., 2019). 87 
It is shown that the model is capable of capturing the effect of both anisotropy and density on 88 
the strip footing response. As the model employs a coaxial flow rule, it is not able to predict the 89 
formation of unsymmetrical slip lines in sand caused by inclined bedding plane orientation, 90 
 4 
which has been observed in many model tests (Azami et al., 2010; Kawamura and Muira, 2014). 91 
 92 
This paper presents new finite element study on the response of strip footings on anisotropic 93 
sand. A critical state sand model accounting for fabric evolution is used. An important feature 94 
of the model is that it employs a non-coaxial flow rule which is dependent the current stress 95 
and fabric state. This allows the model to predict unsymmetrical slip lines under strip footing 96 
on sand with inclined bedding plane orientation ( 𝛼𝛼 ≠ 0° and 𝛼𝛼 ≠ 90° ). The model 97 
performance will be validated against both element tests and centrifuge tests on Toyoura sand. 98 
The numerical simulations will look into the effect of 𝛼𝛼, density and initial degree of anisotropy 99 
𝐹𝐹0 on the 𝑄𝑄𝑢𝑢 and failure mechanism of strip footings. Prediction of an isotropic model for the 100 
centrifuge tests will be shown to demonstrate the importance of considering fabric anisotropy 101 
in modelling the strip footing response. Practical implications of the numerical results will be 102 
discussed. The model will first be introduced in the following, based on which the numerical 103 
implementation and finite element simulations will be presented. 104 
 105 
A Constitutive Model for Sand Accounting for Fabric Evolution 106 
Model formulation 107 
The model used in this study is based on the one in Gao et al. (2014). It employs a fabric tensor 108 
for quantifying the anisotropic internal structure of sand. Fabric evolution and its effect on sand 109 
response is considered. Some minor changes have been made in the original model for the sake 110 
of numerical implementation. Specifically, the original model in Gao et al. (2014) employs a 111 
fabric-dependent yield function, which is used to get a non-coaxial flow rule. This yield 112 
function creates some difficulty for explicit integration of the model (Sloan, 1987; Zhao et al., 113 
2005), especially the detection of the yield surface intersection under complex loading 114 
conditions. To overcome this difficulty, a yield function expressed in terms of the stress 115 
invariants is used, and a separate fabric-dependent plastic potential is employed, which is 116 
similar to the yield function in Gao et al. (2014). It is found that this change has small influence 117 
on the model predictions but can facilitate the model implementation. The main model 118 
formulations for the model will be given in this section. 119 
 120 
 5 
The yield function of the model is expressed as 121 
𝑓𝑓 = 𝑅𝑅/𝑔𝑔(𝜃𝜃) − 𝐻𝐻 = 0                           (1) 122 
where 𝑅𝑅 = �3𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖/2, with 𝑟𝑟𝑖𝑖𝑖𝑖 = �𝜎𝜎𝑖𝑖𝑖𝑖 − 𝑝𝑝𝛿𝛿𝑖𝑖𝑖𝑖�/𝑝𝑝 being the stress ratio tensor, in which 𝜎𝜎𝑖𝑖𝑖𝑖 123 
is the stress tensor, 𝑝𝑝 = 𝜎𝜎𝑖𝑖𝑖𝑖/3 is the mean normal stress; 𝛿𝛿𝑖𝑖𝑖𝑖 (= 1 for 𝑖𝑖 = 𝑗𝑗, and = 0 for 124 
𝑖𝑖 ≠ 𝑗𝑗) is the Kronecker delta; 𝐻𝐻 is the hardening parameter; 𝑔𝑔(𝜃𝜃) is an interpolation function 125 
based on the Lode angle 𝜃𝜃 of 𝑟𝑟𝑖𝑖𝑖𝑖 as follows (Li & Dafalias, 2004) 126 
𝑔𝑔(𝜃𝜃) = �(1+𝑐𝑐2)2+4𝑐𝑐(1−𝑐𝑐2)𝑠𝑠𝑖𝑖𝑠𝑠3𝜃𝜃−�1−𝑐𝑐2�
2(1−𝑐𝑐)𝑠𝑠𝑖𝑖𝑠𝑠3𝜃𝜃                   (2) 127 
where 𝑐𝑐 = 𝑀𝑀𝑒𝑒/𝑀𝑀𝑐𝑐 is the ratio between the critical state stress ratio 𝑅𝑅 in triaxial extension 128 
𝑀𝑀𝑒𝑒 and that in triaxial compression 𝑀𝑀𝑐𝑐.  129 
 130 
The plastic potential function in the 𝑟𝑟𝑖𝑖𝑖𝑖 space is expressed as 131 
𝑔𝑔 = 𝑅𝑅/𝑔𝑔(𝜃𝜃) − 𝐻𝐻𝑔𝑔exp[−𝑘𝑘ℎ(1 − 𝐴𝐴)2] = 0                  (3) 132 
where 𝑘𝑘ℎ is a model parameter, 𝐴𝐴 is the anisotropic variable and 𝐻𝐻𝑔𝑔 should be calculated 133 
based on the current stress state and 𝐴𝐴 . Note that 𝑔𝑔 is only used to determine the plastic 134 
deviatoric strain increment 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
𝑝𝑝  , rather than the total plastic strain increment 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
𝑝𝑝  . The 135 
anisotropic variable 𝐴𝐴 is defined as 136 
𝐴𝐴 = 𝐹𝐹𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖                              (4) 137 
where 𝐹𝐹𝑖𝑖𝑖𝑖 is the fabric tensor characterising the anisotropy of sand and the loading direction 138 
tensor 𝑛𝑛𝑖𝑖𝑖𝑖 is expressed by 139 
𝑛𝑛𝑖𝑖𝑖𝑖 = 𝜕𝜕𝜕𝜕𝜕𝜕𝑟𝑟𝑖𝑖𝑖𝑖−� 𝜕𝜕𝜕𝜕𝜕𝜕𝑟𝑟𝑚𝑚𝑚𝑚𝛿𝛿𝑚𝑚𝑚𝑚�𝛿𝛿𝑖𝑖𝑖𝑖/3
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟𝑖𝑖𝑖𝑖
−�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟𝑚𝑚𝑚𝑚
𝛿𝛿𝑚𝑚𝑚𝑚�𝛿𝛿𝑖𝑖𝑖𝑖/3�                          (5) 140 
More details of the definition of 𝐹𝐹𝑖𝑖𝑖𝑖 can be found in Li and Dafalias (2012), Gao et al. (2014) 141 
and Gao and Zhao (2013). For the present study, the initial 𝐹𝐹𝑖𝑖𝑖𝑖 is given in Eq. (15) below. The 142 
value of 𝐴𝐴 varies between -1 and 1. The plastic potential function in Eq. (3) is used to get the 143 
direction of plastic deviatoric strain increment 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
𝑝𝑝  as below 144 
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
𝑝𝑝 = 〈𝐿𝐿〉𝑚𝑚𝑖𝑖𝑖𝑖, with 𝑚𝑚𝑖𝑖𝑖𝑖 = 𝜕𝜕𝜕𝜕𝜕𝜕𝑟𝑟𝑖𝑖𝑖𝑖−� 𝜕𝜕𝜕𝜕𝜕𝜕𝑟𝑟𝑚𝑚𝑚𝑚𝛿𝛿𝑚𝑚𝑚𝑚�𝛿𝛿𝑖𝑖𝑖𝑖/3
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟𝑖𝑖𝑖𝑖
−�
𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟𝑚𝑚𝑚𝑚
𝛿𝛿𝑚𝑚𝑚𝑚�𝛿𝛿𝑖𝑖𝑖𝑖/3�                  (6) 145 
where 𝐿𝐿  is the loading index; 〈 〉  are the Macaulay brackets (〈𝐿𝐿〉 = 𝐿𝐿  for 𝐿𝐿 > 0  and 146 
 6 
〈𝐿𝐿〉 = 0 for 𝐿𝐿 ≤ 0). It is shown by in Gao et al. (2014) and Zhao and Gao (2016) that the flow 147 
rule expressed by Eq. (6) can capture the non-coaxial sand response in monotonic loading 148 
caused by fabric anisotropy. The total plastic strain increment 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
𝑝𝑝  is (Zhao and Gao, 2016) 149 
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
𝑝𝑝 = 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑝𝑝 + 13 𝑑𝑑𝑑𝑑𝑣𝑣𝑝𝑝𝛿𝛿𝑖𝑖𝑖𝑖 = 〈𝐿𝐿〉 �𝑚𝑚𝑖𝑖𝑖𝑖 + � 227𝐷𝐷𝛿𝛿𝑖𝑖𝑖𝑖� = 〈𝐿𝐿〉Ν𝑖𝑖𝑖𝑖             (7) 150 
where Ν𝑖𝑖𝑖𝑖  is self-evident, 𝑑𝑑𝑑𝑑𝑣𝑣
𝑝𝑝  is the plastic volumetric strain increment and 𝐷𝐷  is the 151 
dilatancy relation expressed as 152 
𝐷𝐷 = 𝑑𝑑𝑑𝑑𝑣𝑣𝑝𝑝
𝑑𝑑𝑑𝑑𝑞𝑞
𝑝𝑝 = 𝑑𝑑𝑑𝑑𝑣𝑣𝑝𝑝
�
2
3
𝑑𝑑𝑒𝑒𝑖𝑖𝑖𝑖
𝑝𝑝𝑑𝑑𝑒𝑒𝑖𝑖𝑖𝑖
𝑝𝑝
= 𝑑𝑑1
𝑀𝑀𝑐𝑐𝑔𝑔(𝜃𝜃) �𝑀𝑀𝑐𝑐𝑔𝑔(𝜃𝜃)𝑑𝑑𝑚𝑚𝜁𝜁 − 𝑅𝑅�               (8) 153 
𝜁𝜁 = 𝜓𝜓 − 𝑑𝑑𝐴𝐴(𝐴𝐴 − 1)                          (9) 154 
where 𝑑𝑑1, 𝑚𝑚 and 𝑑𝑑𝐴𝐴 are three model parameters; 𝜁𝜁 is the dilatancy state parameter (Li and 155 
Dafalias, 2012); 𝜓𝜓 (= 𝑑𝑑 − 𝑑𝑑𝑐𝑐) is the state parameter (Been and Jefferies, 1985), with 𝑑𝑑𝑐𝑐 being 156 
the critical state void ratio corresponding to the current 𝑝𝑝. The critical state line in the 𝑑𝑑 − 𝑝𝑝 157 
plane is given by (Li and Wang, 1998) 158 
𝑑𝑑𝑐𝑐 = 𝑑𝑑Γ − 𝜆𝜆𝑐𝑐(𝑝𝑝 𝑝𝑝𝑎𝑎⁄ )𝜉𝜉                           (10) 159 
where 𝑑𝑑Γ, 𝜆𝜆𝑐𝑐  and 𝜉𝜉 are three material constants and 𝑝𝑝𝑎𝑎  is the atmospheric pressure (101 160 
kPa). 161 
The hardening law for the yield function (evolution of for 𝐻𝐻) is expressed as 162 
𝑑𝑑𝐻𝐻 = 〈𝐿𝐿〉𝑟𝑟𝐻𝐻 = 𝐺𝐺ℎ1𝑒𝑒ℎ2𝐴𝐴(1+𝑒𝑒)2�𝑝𝑝𝑝𝑝𝑎𝑎𝑅𝑅 �𝑀𝑀𝑐𝑐𝑔𝑔(𝜃𝜃)𝑑𝑑−𝑠𝑠𝜁𝜁 − 𝑅𝑅�                (11) 163 
where ℎ1 , ℎ2  and 𝑛𝑛 are three model parameters and 𝐺𝐺  is the elastic shear modulus, the 164 
expression for which will be given below. The term 𝑑𝑑ℎ2𝐴𝐴 is introduced to give better prediction 165 
for the effect of anisotropy on stress-strain relationship, which makes the plastic modulus 166 
smaller at smaller 𝐴𝐴 (Li and Dafalias, 2012; Papadimitriou et al., 2019). 167 
 168 
Fabric evolution with plastic deformation is considered in the model. It is assumed that 𝐹𝐹𝑖𝑖𝑖𝑖 169 
becomes co-directional with the loading direction 𝑛𝑛𝑖𝑖𝑖𝑖 and reaches a magnitude of 1 at the 170 
critical state. Though fabric evolution is affected by both volumetric and shear strain, a 171 
simplified evolution law expressed in terms of the plastic shear strain as below is used 172 
 7 
𝑑𝑑𝐹𝐹𝑖𝑖𝑖𝑖 = 〈𝐿𝐿〉𝑘𝑘𝑓𝑓�𝑛𝑛𝑖𝑖𝑖𝑖 − 𝐹𝐹𝑖𝑖𝑖𝑖�                        (12) 173 
where 𝑘𝑘𝑓𝑓 is a model parameter. 174 
 175 
The following empirical pressure-sensitive elastic moduli are employed for this model (Li and 176 
Dafalias, 2000; Gao et al., 2014): 177 
𝐺𝐺 = 𝐺𝐺0 (2.97−𝑒𝑒)21+𝑒𝑒 �𝑝𝑝𝑝𝑝𝑎𝑎    and     𝐾𝐾 = 𝐺𝐺 2(1+𝜈𝜈)3(1−2𝜈𝜈)         (13) 178 
where 𝐺𝐺0 is a material constant and 𝜈𝜈 is the Poisson’s ratio. In conjunction with Eq. (13), the 179 
following hypoelastic stress-strain relationship is assumed for calculating the incrementally 180 
reversible deviatoric and volumetric strain increments 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑒𝑒  and 𝑑𝑑𝑑𝑑𝑣𝑣𝑒𝑒: 181 
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
𝑒𝑒 = 𝑑𝑑𝑠𝑠𝑖𝑖𝑖𝑖
2𝐺𝐺
  and  𝑑𝑑𝑑𝑑𝑣𝑣𝑒𝑒 = 𝑑𝑑𝑝𝑝𝐾𝐾                       (14) 182 
 183 
Model implementation 184 
This model has been implemented in the finite element package ABAQUS through the user-185 
material (UMAT) interface using an explicit integration method (Sloan, 1987; Zhao et al., 2005; 186 
Jin et al., 2017; Jin et al., 2018). To increase the efficiency for global equilibrium iteration, the 187 
secant modulus for each step is stored at the end of each strain increment here. The large strain 188 
formulation proposed by Hughes and Winget (1980) (see also ABAQUS User Manual) is 189 
employed in the implementation. The plane strain and triaxial compression test data on Toyoura 190 
sand reported in Oda et al. (1978), Fukushima and Tatsuoka (1984) and Tatsuoka et al. (1986) 191 
is used to benchmark the model simulations for single element soil response, as the centrifuge 192 
tests to be simulated in this study (Kimura et al., 1985) have used similar sample preparation 193 
methods. The model parameters are listed in Table 1. Determination of these parameters have 194 
been discussed in Gao et al. (2014). The parameters for the critical state can be readily 195 
determined based on the critical state stress ratio and critical state line location. The elasticity 196 
parameters are determined using the stress-strain relationship at low strain level. The remaining 197 
ones are obtained via a trial-and-error approach. But our experience shows that there is a certain 198 
range for these parameters, which can be used as initial values for the determination process. It 199 
is noticed that the Bayesian-based parameter identification is a more efficient and powerful 200 
 8 
approach for getting these parameters, which will be pursued in the future (Yin et al., 2018; Jin 201 
et al., 2018; Jin et al., 2019). 202 
 203 
Comparison between the model simulations (lines) and test data (dots) on Toyoura sand under 204 
various loading conditions is shown in Figs. 1-3. The initial degree of anisotropy is chosen as 205 
𝐹𝐹0 = 0.35. This is an estimated value as it is generally difficult to measure 𝐹𝐹0. One may use 206 
the undrained effective stress path to calculate 𝐹𝐹0 using anisotropic elasticity (Zhao and Gao, 207 
2016). But such data is not available. In this study, horizontal and vertical samples have 208 
horizontal and vertical bedding planes, respectively. Samples with horizontal bedding are used 209 
in the triaxial compression tests. The model gives good prediction on the peak deviator stress 210 
but does not capture the strain softening part well. While the model may need to be improved 211 
to get better predictions, the stress-strain relationship after the peak deviator stress may not 212 
represent the real soil response due to strain localization (Oda et al., 1978; Huang et al., 2010).  213 
 214 
Finite element modelling of a strip footing response on sand 215 
Simulation of the centrifuge tests 216 
The centrifuge test data reported in Kimura et al. (1985) is used to benchmark the model 217 
simulation of a real footing problem. The prototype size of the footing is used in the simulations 218 
(Fig. 4), which is similar to the approach adopted by Chaloulos et al. (2019). As the size of the 219 
soil box used in the centrifuge tests is not reported in Kimura et al. (1985), the height and width 220 
of the soil body are assumed, which are big enough to eliminate the boundary effect on the 221 
footing response. Simulations with different sizes of soil mass have been performed. It is found 222 
that there is negligible soil movement and stress change at the boundary at the current soil mass 223 
size during loading. The 𝑠𝑠
𝐵𝐵
− 𝑄𝑄 is relationship does not change if bigger soil mas is used (see 224 
Fig. 5), where 𝑠𝑠 is the vertical footing settlement, 𝐵𝐵 is the footing length and 𝑄𝑄 is the 225 
vertical pressure applied on the footing. Due to the non-coaxial deformation predicted by the 226 
constitutive model, the stress and deformation field in the soil may not be symmetric. Therefore, 227 
it is not proper to use only half of the soil body for the simulations (Azami et al., 2010; 228 
Kawamura and Muira, 2014). The force and displacement relationship of the footing is mainly 229 
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affected by the soil elements around it, and therefore, a semicircle with finer mesh is created 230 
beneath it (Fig. 4). Eight-node quadratic plane strain elements with reduced integration are used. 231 
Uniform vertical pressure of 1kPa is applied on the top surface of the sand to avoid soil collapse 232 
with zero mean effective stress. Uniform vertical deformation is applied in the footing area, 233 
which means that the relative movement between footing and sand is neglected. No horizontal 234 
or vertical movement is allowed at the bottom of soil body while only horizontal movement is 235 
restricted at the two vertical sides. As there is no water in the sand, 𝛾𝛾 = 𝛾𝛾′ = 16kN/m3 is used 236 
according to Oda and Koishikawa (1979), where 𝛾𝛾 and 𝛾𝛾′ denote the bulk and effective unit 237 
weight, respectively. The initial lateral earth pressure coefficient is assumed to be the same for 238 
all cases with 𝐾𝐾0 = 0.4 (Okochi and Tatsuoka, 1984). The maximum and minimum void ratios 239 
for Toyoura sand are 𝑑𝑑𝑚𝑚𝑎𝑎𝑚𝑚 = 0.98 and 𝑑𝑑𝑚𝑚𝑖𝑖𝑠𝑠 = 0.6. Since the initial stress state is anisotropic 240 
for sand beneath the footing, a value of initial degree of anisotropy (𝐹𝐹0 = 0.4) higher than that 241 
for the plane strain test samples with initially isotropic stress state is assumed. The initial fabric 242 
for the soil is assumed the same for the entire soil. When the bedding plane is horizontal, it is 243 
given using the equation below 244 
𝐹𝐹𝑖𝑖𝑖𝑖 = �𝐹𝐹𝑚𝑚𝑚𝑚 𝐹𝐹𝑚𝑚𝑥𝑥 𝐹𝐹𝑚𝑚𝑥𝑥𝐹𝐹𝑥𝑥𝑚𝑚 𝐹𝐹𝑥𝑥𝑥𝑥 𝐹𝐹𝑥𝑥𝑥𝑥
𝐹𝐹𝑥𝑥𝑚𝑚 𝐹𝐹𝑥𝑥𝑥𝑥 𝐹𝐹𝑥𝑥𝑥𝑥
� = �2
3
�
−𝐹𝐹0/2 0 00 𝐹𝐹0 00 0 −𝐹𝐹0/2�                 (15) 245 
with z-direction being perpendicular to the x-y plane. When the bedding plane is not horizontal, 246 
orthogonal transformation of Eq. (15) has to been carried out (Gao et al., 2014). 247 
 248 
The finite element simulation result is dependent on the mesh size and orientation, as the model 249 
uses non-associated flow rule and gives strain-softening response in some cases. Following 250 
Chaloulos et al. (2019), different mesh sizes in the semicircle area were used to simulate the 251 
three cases in Fig. 5 and the mesh size which gives the best prediction for the bearing capacity 252 
is chosen (Fig. 4). The mesh size outside the semicircle has negligible influence on the force 253 
and displacement relationship. The same mesh is used in all the simulations in this study. 254 
 255 
Fig. 5 shows the simulations for the centrifuge tests on sand reported in Kimura et al. (1985). 256 
In this and the following figures, 𝐵𝐵 is the footing width. In each group of tests, sand samples 257 
with horizontal (𝛼𝛼 = 0o in Fig. 4) and vertical (𝛼𝛼 = 90o in Fig. 4) bedding planes are used. 258 
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Note that the force and displacement relationships beyond 𝑠𝑠/𝐵𝐵 = 0.25 are not shown in most 259 
of the figures in this paper, because there is significant distortion of elements near the footing 260 
edges in some simulated tests, which makes the results unreliable. Higher bearing capacity 𝑄𝑄𝑢𝑢, 261 
which is the peak value of 𝑄𝑄, is observed for relatively dense sand (𝐷𝐷𝑟𝑟 ≈ 86% and 𝐷𝐷𝑟𝑟 ≈ 75%) 262 
with horizontal bedding (Figs. 5a and b). The difference is about 12.5% for 𝐷𝐷𝑟𝑟 ≈ 86% and 263 
10% for 𝐷𝐷𝑟𝑟 ≈ 75%. But the effect of bedding plane orientation on 𝑄𝑄𝑢𝑢 becomes negligible 264 
when 𝐷𝐷𝑟𝑟 ≈ 62% (Fig. 5c), which is consistent with the small model test results in Oda and 265 
Koishikawa (1979). For all the tests, sand with horizontal bedding show smaller settlement at 266 
the same 𝑄𝑄 before failure. The simulations give good prediction for the bearing capacity in all 267 
three cases. The simulated settlement before failure (peak 𝑄𝑄  or 𝑄𝑄𝑢𝑢 ) is larger than the 268 
measured one for horizontal bedding, especially for the dense sand in Fig. 5a. The initial slope 269 
of the 𝑠𝑠/𝐵𝐵 − 𝑄𝑄 curves predicted by the model is also smaller than the measured one for 270 
horizontal bedding. The discrepancy between simulations and test results could be caused by 271 
the model itself. First, the yield surface for this model does not consider the sand yielding due 272 
to pure compression without change in the stress ratio; Secondly, the small strain stiffness of 273 
sand is not accounted for. But the nonuniformity of sand samples and mesh size may have also 274 
contributed (Oda et al., 1978; Oda and Koishikawa, 1979; Azami et al., 2010). Overall, the 275 
model gives reasonable description for the effect of density and anisotropy on the bearing 276 
capacity of strip footings.  277 
 278 
Failure mechanism of sand under the strip footing 279 
Progressive failure is observed in all the simulations. The numerical simulations indicate that 280 
shear strain localization initiates at the peak 𝑄𝑄 states and two clear slip lines (or shear bands) 281 
develop at sufficiently large 𝑠𝑠/𝐵𝐵 for dense and medium dense sand (𝐷𝐷𝑟𝑟 > 45%) with various 282 
bedding plane orientations, which agrees with the 1g model test and centrifuge test observations 283 
(Kimura et al., 1985; Kawamura and Muira, 2014). In this case, the soil elements fail 284 
progressively on the slip lines, with those under the footing centre failing first. This is called 285 
the general shear failure mode (Vesic, 1963; Lau and Bolton, 2011). When 𝐷𝐷𝑟𝑟 < 45%, no clear 286 
slip lines develop in sand and the failure mode is close to the punching shear (Vesic, 1963; Lau 287 
and Bolton, 2011), where only the elements on two sides of a soil wedge beneath the footing 288 
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fail (Lau and Bolton, 2011). Similar simulation results have been reported in Loukidis and 289 
Salgado (2011). 290 
 291 
Two groups of tests with different sand densities are used to illustrate the general shear failure, 292 
with the force and displacement relationships for footings being shown in Fig. 6. The definition 293 
of 𝛼𝛼 is shown in Fig. 4. The peak and residual 𝑄𝑄 states in Figs. 6-8 are respectively denoted 294 
by ‘Px’ and ‘Rx’, where the number ‘x’ represent the bedding plane orientation in degrees. Figs. 295 
7 and 8 show the contour of incremental shear strain at the peak and residual 𝑄𝑄 states for these 296 
simulations. The incremental shear strain 𝛿𝛿𝑑𝑑𝑞𝑞 is defined as 297 
𝛿𝛿𝑑𝑑𝑞𝑞 = �23 𝛿𝛿𝑑𝑑𝑖𝑖𝑖𝑖𝛿𝛿𝑑𝑑𝑖𝑖𝑖𝑖                          (16) 298 
where 𝛿𝛿𝑑𝑑𝑖𝑖𝑖𝑖 is the increment of deviatoric strain for each step. Note that the patterns of total 299 
shear strain contours and incremental shear strain contours at residual states are similar for these 300 
tests. At 𝐷𝐷𝑟𝑟 = 86%, the depth of the slip lines is the biggest at 𝛼𝛼 = 0o and smallest at 𝛼𝛼 =301 90o, which agrees well with the centrifuge tests (Kimura et al., 1985). But there is no significant 302 
difference in the slip line depth at different 𝛼𝛼 values for test simulations with 𝐷𝐷𝑟𝑟 = 70%. In 303 
addition, the slip lines are symmetric when 𝛼𝛼 = 0o and 𝛼𝛼 = 90o , because the initial soil 304 
fabric is symmetric about the middle of the soil body, which makes the displacement field in 305 
sand symmetric and the total reaction force on the footing vertical (Fig. 9a). On the other hand, 306 
unsymmetrical slip lines are predicted at 𝛼𝛼 = 45o, which has also been observed in the model 307 
tests by Kawamura and Muira (2014). This is due to that the non-coaxial sand response makes 308 
the displacement field unsymmetrical, which is shown in Fig. 9b. More discussion on this can 309 
be found in Gao and Zhao (2013). If the horizontal displacement of the footing were not 310 
restricted, the footing would move to the right (positive x direction in Fig. 4) due to such 311 
displacement. In the present study, however, the horizontal movement of the footing is fixed, 312 
which means that there is horizontal reaction force (pointing to the negative x direction) on the 313 
footing due to this restriction. The total reaction force F on the footing thus aligns in the 314 
direction shown in Fig. 9b, which renders the soil swell more on the left (Figs. 7d and 8d). 315 
Indeed, unsymmetrical slip lines have also been observed in model and centrifuge tests with 316 
horizontal bedding plane (Kimura et al., 1985; Kawamura and Miura, 2014). This has 317 
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frequently been interpreted as the consequence of nonuniform void ratio distribution (e.g., 318 
Nübel and Huang, 2004; Bauer et al., 2004). However, this could be associated with fabric 319 
anisotropy as well. Though the bedding plane is horizontal in an average sense, the local soil 320 
fabric may vary at different locations, which makes the displacement field unsymmetrical (Guo 321 
and Zhao, 2016).  322 
 323 
One test with horizontal bedding is used to illustrate the punching shear failure mode (𝐷𝐷𝑟𝑟 =324 30%). The force and displacement relationship for this test is shown in Fig. 10, in which no 325 
obvious peak 𝑄𝑄 can be observed. Fig. 11 shows the failure mechanism for this test. The 326 
incremental shear strain contour at 𝑠𝑠/𝐵𝐵 =0.25 indicates the development of a soil wedge 327 
beneath the footing. As the vertical displacement increases, the incremental shear strain 328 
concentrates more at the two footing edges, without extending laterally. At 𝑠𝑠/𝐵𝐵=0.4, a fully 329 
developed soil wedge can be observed, with intensive shear strain concentration on the two 330 
sides (Fig. 11b). Though the shear strain localization extends a little beyond the soil wedge, 331 
clear slip lines do not form, which is different from the general shear failure (Vesic, 1963; Lau 332 
and Bolton, 2011). 333 
 334 
Vanishing effect of 𝛼𝛼 on the bearing capacity of strip footings 𝑄𝑄𝑢𝑢 335 
Existing 1g model and centrifuge tests on Toyoura sand show that the effect of 𝛼𝛼 on 𝑄𝑄𝑢𝑢 336 
becomes negligible when 𝐷𝐷𝑟𝑟 <70%, though the settlement at the same 𝑄𝑄 is still larger at 337 
bigger 𝛼𝛼 before 𝑄𝑄𝑢𝑢  (Oda et al., 1978; Kimura et al., 1985). Fig. 12 shows the simulated 338 
variation of 𝑄𝑄𝑢𝑢  with 𝐷𝐷𝑟𝑟  for Toyoura sand with horizontal and vertical bedding. Small 339 
difference between the 𝑄𝑄𝑢𝑢  for the two bedding plane orientations can be observed when 340 
𝐷𝐷𝑟𝑟 ≤70%, while the difference in settlement at the same 𝑄𝑄 still exists (e.g., Fig. 6b). Note that 341 
there is no obvious peak 𝑄𝑄 in three of the simulated tests (𝐷𝐷𝑟𝑟 = 60% with vertical bedding, 342 
and 𝐷𝐷𝑟𝑟 = 55% with both vertical and horizontal bedding), and therefore, alternative methods 343 
have to be used for estimating 𝑄𝑄𝑢𝑢 . Vesic (1963) recommends using the value of 𝑄𝑄 at the 344 
fastest rate of settlement with respect to time, which is typically difficult to obtain. In this study, 345 
𝑄𝑄 at 𝑠𝑠/𝐵𝐵 ≈ 0.2 is defined as 𝑄𝑄𝑢𝑢, because localized failure and peak 𝑄𝑄 can be observed at 346 
this settlement level for relatively loose sand in a real test (Kimura et al., 1985). 347 
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The similarity in 𝑄𝑄𝑢𝑢 seems counter-intuitive, because the effect of anisotropy on shear strength, 348 
stiffness and dilatancy of single sand elements can be observed for any soil densities (e.g., 349 
Tatsuoka et al., 1986; Yang et al., 2008; Gao et al., 2014). Fig. 13 shows the response of sand 350 
elements about 1B beneath the centre of the footings (Element A in Fig. 4) for four of the 351 
simulations in Fig. 6. Element A is chosen because it is on the slip lines for all the simulated 352 
tests and has direct influence on 𝑄𝑄𝑢𝑢. It is evident that the soil elements show smaller normalized 353 
peak stress ratio 𝑅𝑅/[𝑀𝑀𝑐𝑐𝑔𝑔(𝜃𝜃)]  and less volume expansion at 𝛼𝛼 = 90°  for two different 354 
densities, which is consistent with the laboratory test observations. Therefore, the difference in 355 
𝑄𝑄𝑢𝑢 caused by 𝛼𝛼 cannot be solely attributed to the shear strength anisotropy of sand elements. 356 
The failure mechanism of sand beneath the strip footings must play an important role as well. 357 
When the sand density is high (e.g., 𝐷𝐷𝑟𝑟 = 86% in Fig. 6a), progressive failure initiates at 358 
similar settlement level (corresponding to 𝑄𝑄𝑢𝑢), though different, for different bedding plane 359 
orientations, and the strength anisotropy of sand elements governs the 𝑄𝑄𝑢𝑢 . At lower sand 360 
density (e.g., 𝐷𝐷𝑟𝑟 = 70%  in Fig. 6b), progressive failure in sand with horizontal bedding 361 
initiates at much higher settlement compared to the counterpart with horizontal bedding. 362 
Delayed progressive failure has allowed the external load to be distributed more evenly in the 363 
soil. Some previous studies have assumed that 𝑄𝑄𝑢𝑢 is only dependent on the peak friction angle 364 
of sand elements (Meyerhof, 1978; Siddiquee et al., 1999) but independent of the failure 365 
mechanism. Such assumption cannot explain the similarity in 𝑄𝑄𝑢𝑢 for the tests shown in Fig. 366 
12.  367 
 368 
Response of strip footings on sand with horizontal bedding: combined effect of density and 369 
𝑭𝑭𝟎𝟎  370 
Discussions in the previous sections have mainly showed how the bedding plane orientation 371 
affects the response of strip footings. But footings on sand with horizontal bedding are of greater 372 
importance for practical applications, which will be the focus of this section. The main objective 373 
is to investigate the combined effect of sand density and 𝐹𝐹0 and identify which of them plays 374 
more important role in governing the bearing capacity and failure mechanism of strip footings. 375 
 376 
Fig. 14 shows the effect of relative density on the force and displacement relationship of strip 377 
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footings. Two values of 𝐹𝐹0 (0 and 0.4) are used in the simulations to represent different soil 378 
compaction methods in the engineering practice, because it is shown in Zhao and Gao (2016) 379 
that the stress-strain relationship of sand samples prepared using different methods can be 380 
simulated with different 𝐹𝐹0. Some research [e.g., Yang et al., (2008)] has shown that about 3 of 381 
the model parameters may have to be adjusted to get quantitative prediction of the soil response. 382 
But qualitative results for the effect of compaction methods are sufficient for this study. There 383 
is obvious peak 𝑄𝑄 for simulations with 𝐷𝐷𝑟𝑟 = 90% and 𝐷𝐷𝑟𝑟 = 70%, which is considered as 384 
the bearing capacity (𝑄𝑄𝑢𝑢). But 𝑄𝑄 keeps increasing with 𝑠𝑠/𝐵𝐵 for sand with 𝐷𝐷𝑟𝑟 = 50% and 385 
𝐷𝐷𝑟𝑟 = 30%. Same as the previous section, 𝑄𝑄 corresponding to 𝑠𝑠/𝐵𝐵=0.2 is defined as 𝑄𝑄𝑢𝑢 for 386 
these tests. For both 𝐹𝐹0 values, dramatic influence of relative density on the bearing capacity 387 
is observed. 𝑄𝑄𝑢𝑢 at 𝐷𝐷𝑟𝑟 = 90%  is almost 6 times of that at 𝐷𝐷𝑟𝑟 = 30% for both 𝐹𝐹0 values. 388 
The failure mechanism is found independent of 𝐹𝐹0.  389 
 390 
Fig. 15 shows the effect of 𝐹𝐹0 on the response of strip footings. At 𝐷𝐷𝑟𝑟 = 80%, 𝑄𝑄𝑢𝑢 decreases 391 
as 𝐹𝐹0 increases, which indicates that 𝑄𝑄𝑢𝑢 is higher when the soil is more isotropic. This is 392 
attributable to the distribution of anisotropic variable 𝐴𝐴 in the sand. 𝐹𝐹0 can affect 𝑄𝑄𝑢𝑢 by 393 
about 20% for 𝐷𝐷𝑟𝑟 = 80% and by about 45% for 𝐷𝐷𝑟𝑟 = 50%. Fig. 16 shows the variation of 394 
𝐴𝐴 in sand at 𝑠𝑠/𝐵𝐵=0.11 (close to the 𝑄𝑄𝑢𝑢 state) for initially isotropic and anisotropic fabric cases 395 
with 𝐷𝐷𝑟𝑟 = 80%. For the case with initially isotropic fabric, the value of 𝐴𝐴 lies between 0.01 396 
and 0.02 in the area beneath the footing and is about 0 in the remaining area (Fig. 16a). This 397 
indicates rather uniform distribution of 𝐴𝐴. Very ununiform distribution of 𝐴𝐴 is observed for 398 
the simulation with 𝐹𝐹0 = 0.6 (Fig. 16b). The maximum 𝐴𝐴 is between 0.4 and 0.6 (beneath 399 
the footing) and the minimum 𝐴𝐴 is about -0.3 (beside the two edges of the footing). For both 400 
cases, the stress state and void ratio for all the elements at this deformation level is similar. 401 
Based on the model formulations, one can see that higher 𝐴𝐴 indicates bigger 𝑟𝑟𝐻𝐻 and higher 402 
shear resistance under otherwise identical conditions of stress and void ratio. Therefore, the 403 
sand elements beneath the footing have lower shear resistance when 𝐹𝐹0 = 0 (𝐴𝐴 is lower in 404 
that area compared to the case with 𝐹𝐹0 = 0.6), but they are supported by elements with higher 405 
shear resistance (bigger 𝐴𝐴 for elements under the two edges of the footing). This eventually 406 
leads to higher bearing capacity of the footing. Such difference in distribution of 𝐴𝐴 can also 407 
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explain why the force-displacement curves for more isotropic sand lie higher beyond 𝑠𝑠
𝐵𝐵
= 0.7 408 
when 𝐷𝐷𝑟𝑟 = 50%  (Fig. 15b). The failure mechanism of sand under the footing is mainly 409 
controlled by the sand density. 410 
 411 
It can be seen from Figs. 14 and 15 that the sand density plays a more dominant role in 412 
controlling the bearing capacity and failure mechanism of strip footings. A small variation of 413 
𝐷𝐷𝑟𝑟 can result in a big change in 𝑄𝑄𝑢𝑢. Though 𝐹𝐹0 affects 𝑄𝑄𝑢𝑢 as well, this influence is smaller 414 
compared to the effect of 𝐷𝐷𝑟𝑟 (Gao et al., 2014; Chaloulos et al., 2019). However, this does not 415 
mean that fabric anisotropy should be neglected in modelling the response of strip footings. If 416 
an isotropic model is used, 𝑄𝑄𝑢𝑢 can be significantly overestimated, which will be discussed in 417 
the next Section. 418 
 419 
Prediction of the strip footing response by an isotropic model 420 
The previous section shows that the influence of 𝐹𝐹0 on 𝑄𝑄𝑢𝑢 is smaller than that of 𝐷𝐷𝑟𝑟. But this 421 
does not mean that fabric anisotropy should be neglected in modelling the bearing capacity of 422 
strip footings. The soil fabric will become anisotropic when it is subjected to external loading, 423 
even though it is initially isotropic. Therefore, the effect of fabric anisotropy on soil response 424 
is present for an initially isotropic soil sample. To show the importance of considering fabric 425 
anisotropy in describing the response of strip footings on sand, prediction of the isotropic model 426 
will be given below. 427 
 428 
The parameters for the isotropic model are determined using drained triaxial compression tests 429 
and plane strain compression tests on sand with horizontal bedding (Figs. 17 and 18). All the 430 
parameters are shown in Table 2, with those associated with fabric anisotropy set 0 (see also 431 
Chaloulos et al., 2019). The model gives good prediction for triaxial compression test data. For 432 
plane strain tests, the model does not capture the softening part well, as strain localization in 433 
the sample makes the decreasing of deviator stress more dramatic. 434 
 435 
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Prediction of the isotropic model (lines) for the centrifuge test data (dots) with horizontal 436 
bedding are shown in Fig. 19. The same mesh and boundary conditions shown in Fig. 4 are 437 
used. The model overestimates the 𝑄𝑄𝑢𝑢 dramatically. For the tests with 𝐷𝐷𝑟𝑟 = 64.6% and 438 
𝐷𝐷𝑟𝑟 = 75.1% , the predicted 𝑄𝑄𝑢𝑢 is almost twice of the measured one. At 𝐷𝐷𝑟𝑟 = 85.6% , the 439 
isotropic model gives about 50% overestimation of 𝑄𝑄𝑢𝑢. This indicates that fabric anisotropy 440 
must be properly considered in modelling the strip footing response on sand, which is consistent 441 
with the conclusion in Chaloulos et al., (2019). The main reason for this overestimation is that 442 
the isotropic model gives too high shear strength for elements with non-vertical major principal 443 
stress direction under the footing (Tatsuoka et al., 1986). 444 
 445 
Conclusions 446 
This paper presents a new numerical study on the fabric effect on bearing capacity and failure 447 
mechanism of strip footings on anisotropic sand. A critical state sand model accounting for 448 
fabric evolution is used. It employs a non-coaxial flow rule which is expressed in terms of the 449 
current state of stress and fabric. The model is validated against both element and centrifuge 450 
tests on Toyoura sand. The following conclusions can be drawn from the study: 451 
(a) The bearing capacity 𝑄𝑄𝑢𝑢  of strip footings on sand with different bedding plane 452 
orientation 𝛼𝛼 is governed by not only the strength anisotropy of sand elements but also 453 
the failure mechanism of soil body. Strength anisotropy of sand elements has more 454 
influence on 𝑄𝑄𝑢𝑢 when the sand density is high, making 𝑄𝑄𝑢𝑢 higher when the bedding 455 
plane is horizontal. The difference in 𝑄𝑄𝑢𝑢 caused by 𝛼𝛼 vanishes at lower sand density 456 
(e.g., 𝐷𝐷𝑟𝑟 ≤ 70% for Toyoura sand), as progressive failure initiates at larger settlement 457 
for sand with vertical bedding plane, which allows the external loading to be distributed 458 
more evenly in the soil. Irrespective the sand density, the settlement of footings at the 459 
same 𝑄𝑄 increases as 𝛼𝛼 increases before 𝑄𝑄𝑢𝑢.  460 
(b) Progressive failure is predicted in all the simulations, which is supported by small-scale 461 
and centrifuge test observations. General shear failure mode is observed in dense and 462 
medium dense sand. For this failure mode, progressive failure initiates at the peak 𝑄𝑄 463 
state and clear slip lines can be observed at large settlement. The slip lines are 464 
symmetrical when the bedding plane is horizontal or vertical. Due to the non-coaxial 465 
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deformation of sand caused by fabric anisotropy, unsymmetrical slip lines develop when 466 
the bedding plane is inclined. Punching shear failure is the main failure mechanism for 467 
loose sand, where soil failure concentrates along two edges of a soil wedge beneath the 468 
footing. 469 
(c) For strip footings in practical applications where the bedding plane is horizontal, soil 470 
density plays a more dominant role in governing the bearing capacity and failure 471 
mechanism of the soil body. At the same density, 𝑄𝑄𝑢𝑢 is higher when the initial sand 472 
fabric is more isotropic, because the soil beneath the footing is supported by soil with 473 
higher shearing resistance below the footing edges. The initial degree of fabric 474 
anisotropy 𝐹𝐹0 does not have effect on development of general shear or punching shear 475 
failure. 476 
(d) An isotropic model can give significant overestimation of 𝑄𝑄𝑢𝑢 of strip footings on 477 
anisotropic sand. The main reason for this overestimation is that the isotropic model 478 
gives too high shear strength for elements with non-vertical major principal stress 479 
direction under the footing (Tatsuoka et al., 1986). 480 
This research has several implications for engineering practice: (a) It is important to realize that 481 
the bearing capacity is not only dependent on the strength anisotropy of sand but also the failure 482 
mechanism of soil body; (b) The unsymmetrical slip lines observed under strip footings could 483 
be caused by both fabric anisotropy and ununiform distribution of soil density; (c) For a typical 484 
range of 𝐹𝐹0 and horizontal bedding, the sand density plays a more important role in governing 485 
𝑄𝑄𝑢𝑢  and failure mechanism of sand. However, if an isotropic model is used, 𝑄𝑄𝑢𝑢  can be 486 
significantly overestimated, which is consistent with previous research findings. 487 
 488 
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